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PacWave Wave Resource Assessm Summer2020

Note: Document has been updated (Nov. 20&0)eflectwave energy resource at centroid of PacWave South
test site and northeast corner of PacWave North test site. The previous edition described wave energy at a
location ~1 mile east of PWS centroid. New results prove the resource has not chgniiedrsily between

the two locations, and all conclusions from the previous edition still stand.

1 INTRODUCTION

The Pacific Northwest of the United Statesharacterized by onef the greatest annual
mean wave poweresourcesn the world[1]. As a result,lie wave energyesource offshore of
Oregon habeen charactazed through hindcast models and physical buoy d#teoughout the
past decadd2]c[4]. Over the past 8 year©regon State University (OSkhhs been developing
an open-ocean wave energy test facilitfftacWave, whicks affiliated with the Pacific Marine
Energy Center (PMEC). The facility consists of north and south test sites off thefddewport,
Oregon.

This report contains detailed analysis of wabaracteristicat both the north and south
sites based ona newly available32-year SWAN hindcast simulatidd] and follows the
recommendations issued by the International Electrotechnical Commis$ie@) technical
specification(TS)62600101for waveenergyresource assessmeni§]. This assessment aims to
build upon thepreviouswave energy characterizatioms the regionand provide the most wpo-
date characterization ahe waveenergyresourceat PacWave.

2 NEWPORT BUOYS AND SWAN HINDCAST MODEL

There are various sources for physically observed sea state data in the PacWawe reg
PMEC measured meteorological wind, wave, current,and ocean surface salinity and
temperature data at PacWave South frddovember 2014 through January 2015, and again from
May 2015 through December 2012dditionally, the @ean Observatories Initiative of the
National Science Foundation has collected physical wave data spanning from January 2015
through April 2019located at44 0 y Q H1@£&nby Q mgnd 80 m depthin the general vicinity
are multiple National Oceanographic andmftspheric Administration (NOAA) National Data
Buoy Center (NDBC) stations as well, from which various data are highlighted in this report.

Thespecifidocationof the modelfor the purpose of this assessmentlie PacWave North
site at44.7021IN, 124.146W andthe PacWave Soutlsite at 44.557N, 124.229W, which are
about 10 mileg16 km)apart andoff the coast of Newport, Oregorlemonstrated irFigurel.
The point chosen for PacWave North is 0.3 miles north of the northeast corner of the test site
while the point for PacWave South is almost in the exact center of the site. The mean depth at
the PacWave North point is 53.0and 67.4 mfor PacWave SoutiPacWave Souttresults are
examined in the main text of this report; corresponding PacWave North results can be found in
the Appendix.
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PacWave Wave Resource Assessm Summer2020

This wave resource assessment was conducted from the y&&8@2010, part of a 32
year hindcast conducted by the Pacific Northwest National Laboratory (PBJNkhich operates
within the U.S. Department of Energihe hindcast model constructed by PNNL usestedqgrid
WaveWatch Il (WW3) wave modah both global and regional scalgg. The WW3 model was
paired with a higkresolution, unstructureegrid Smulating WAves Nearshore (SWAN) modal
traditional oneway nesting. Both models are forced by Climate Forecast System Reanalysis
(CFSR) wind fieldis]. Thesemodelsare classified as in between a Class 1 Reconnaissance study
and aClass 2 Feasibilistudy by the IEC standard due to theé@mporal and spatiatesolutions
[4][5], therefore this IEC specificatioassessmenican generally be classified as a Class 1
Reconnaissance stude].
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Figurel: PacWave North (PWN) and South (PWS) locations off the coast of central Oregon (PacWave, 2020)

The use of SWANith CFSRindssimulatesnearshorevaveprocesses along the U.S. West
Coast,and wasvalidatedby observedbuoy data from 28 wave buoys in the regiowu et al.
(2020)demonstratedthe congruence betweeld K S t b b [predi@idr SfEQ @ave energy
parameters and those recorded at physical buoy statiaesurately providhg a reliable wave
climate model in the nearshore region of interdS{. Satisfactory accuracy was alachieved
when comparinghe spectra distributions in both frequency and directional domaitsites with
extreme values, i.e. regions with maximum and minimum wave englgyor cetailed model
validationmethodsand resultsplease se&Vu et al., 202Q5].
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The IEC standard states that a minimum of 10 years of data should be used for this type of
assessment, howevexccording taboth the IEC specification anthng et al[4], a longer period
of data may be necessary to quantify thev frequency climate variabilitgnd its effect on a
waveenergy resource assessmeihis is highlighted the wave resource results sectiohthis
assessment, wheréghe longterm meanand its seasonal variabilitygf eachIECwave energy
resource parameterare analyzed

3 WAVERESOURCE CHARACTERISTIC PARAMETERS

The sea states are characteriagith directional wave spectravhich are described below
and sourced from the IECS 6260.01[6]. The variance density described over tkediscrete
frequency andQ discrete direction i8Y .

To calculate directionally unresolved (onrthiectional)characteristic quantities, the two
dimensional frequencylirectional variance densities are transformed into ordimensional
frequencyresolvedvariance densities gHncrementssuch that

Y B YY— (1)

Spectral moments of thé order, & , are calculated from the frequency variance
density by:

G B "Q"YYQ (2)
whereQis the " discrete frequencyOmnidirectional wave powebis the time averaged energy

flux through avertical cross sectiorof unit diameter that extendsfrom the seafloor to the
surface, calculated by:

0 7" BEORYYY— (3)
where
OFp —p —— (4)
whereQis the wavenumber at the'Q frequency andQs the mean seéevel.

The timeaveraged energy flux across a plane normalized to directiandefined aghe
directionally resolved wave powerthis directionally resolved wave energy transport is the sum
of the contributions of each component with a positive component in directiocalculated by:

, o L VI VI VT |.©. —_— TT
0 " B YYY—AT & — . (5)
o T
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The maximum value af represents the maximum time averaged wave power propagating
in a single direction and is denoted by . Angles in SWANere calculated in Cartesian with
east being the zerdegree bearind7], and are adjusted sucthat North is the zeredegree
bearingwhere necessary.

A characteristic wave height of the given sea stateaisulated using the zeroth spectral
moment by:

O T a (6)
This is referred to as the sificant wave heightalculated from the wave spectrum, which is not
the same value as the significant wave height calculated from a 4vgveave analysisOy .
‘Oy , commonly referred to a®©, is a direct measure of significant wave height wher€as is
estimated based on the spectrum via (6).

The preferred characteristic wave periéor wave resource assessmenssthe energy
period. Energy period is calculated using moments of the wpeetaum by:

YK Y L )

The directionality coefficient is a characteristic measure of the directiornaasiing of
wave power. It is the ratio dhe maximum directionally resolved wave energy transport to the
omnidirectional wave energy transport:

0 — )

Spectral width characterizes the relative spreading of the energy along the wave
spectrum and provides an idea of the makeup of the sea sf8}e This parameter idefined
using the moments of the wave spectrum as:

f — P 9)

The preceding variablegere outputs from the SWAN model used in the PNNL hindcast,
whose wave parameters are computed from the wave spectffimThese spectral quantities
were used in the following analysis of the wave energy resource at PacWave.
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4 WAVE RESOURCE RESULTS

4.1 Annual histogram of sea state occurrences

Figure2 shows the annualfrequency of occurrence of sea states parameterized in terms
of the significant wave height®) , with a resolution of 0.5 nand energy period.Y, with a
resolution of 1sas per the IEC specification recommendatibimenumbersin each cell represent
mean annuahours recorded in each specifi@ -"Y sea state combinatiorilheshading of the
cells is aenergy fluxveighted representatiopwith the outputof particularsea state occurrence
calculatedby T® JO Y multiplied by the hours of occurrencEBigure2 shows the annual mean
bivariate histogram froni980-2010at PacWave South
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Figure2: Omnidirectional SWAN sestate histogram from 198€2010at PacWave Soutfennual mean conditions)

At PacWave South, thrmost commonly occurring seascurfor 528 hoursper yearwith
a significant wave height df.75m and an energy period @&.5 s, while the highest annualized
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wave energy sea state occui 231 hoursper yearat a significant wave height & 75m and
at an energy period of 18s.

4.2 Annual wave rose

An annual wave rose depistthe longterm joint distribution of the maximum
directionally resolved wave energy transportd along the direction of maximum

directionally resolved energy transport— . Each sea state is represented by a single
directionally resolved wave power and associated directiigure3 shows the distributions of
the total maximum diredbnally resolved wave energy transpart W/m. Eachbar combines
wave headings in 45° bn, and the length of each color segmeawefpresnts the annual wave
energytransportin a given direction.
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Figure3: Directionally resolved SWAN wave rose distribution of wave energy from 12800 at PacWave South

Thewavescome predominately from thevestnorthwest directions at PacWave South,
accounting for themajority of the direction of directionally resolvedave energyhroughout the
hindcast.
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4.3 Annual variation of loagrm monthly mean

The longterm monthly mean of wave resource characteggbarameters required by the
IEC and are analyzed in the following sectMbonthly averages over the years, variations of the
mean, variation of one standard deviation above dmdow the mean, and 1Q 50", and 9"
percentiles are plotted in order tehow the statistical monthly variationghe percentile analysis
is completed in order to show the limitsf the datasetsand identify the medin. The 1& and
90" percentiles are used to show the upper and lower limits of the data, and ttepBfrentile
is equivalent to the median of the dataset.

In anormal distribution the curve of a dataseis symmetric about the mearearning the
02YY2y NB TS NRyaSIt aRidasdt is ské@vBdhe shape of the distributiorhas
asymmetric qualitiesFigure4 offers a visual perspective of skewness in a dataset by comparing
variously skewed distribution®y comparing the mean and the median of the distribntiit is
possible to assess the degreé skewness. If the mean valuegseaterthan the medianthe
dataset is positively skewed, meaning that ttistribution has the majority of occurrences on
the lower end of the curve. This is typical of sea state distributions, as more exéeen¢s are
less frequentFor a detailed review of the extreme wave climate and storms on the Oregon coast,
refer to Ruggiero et al. (20089].

Mean

be dian Median ke dian

Mode bMode — | — Mean Mean — | — Mode
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Figure4: Skewness can be indicated by the difference of the median (50th percentile) and the mean. Larger differences
between percentiles and the meadetermine the degree to which the distribution is skewedCFA2020
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Figure5 depicts the trend ofignificant wave heighat PacWave South, demstrating
the pattern of seasonakchangeof the wave characterist&c Themean wave height at the site
peaks in December at 3r§, and steadily falls to a minimum value of 1mM3n August. In the
winter, between November and March, the average wave height varies between 3 anm, 3.5
and the distribution is mor@ositively skewed as the %(Qercentile valuesorrespond to more
extreme wave height conditionsThe summer months between May and Septembgstay
between 1.5 and 2n, signifying a more normally distributed range of wave heights as the
percentile valuesange closer to the mean valu&his effect can be described as seasonality,
wherewave heightssary according to different seasons throughout yeéatave heights increase
as frequency of extreme sea states increases in the wimteile summer months sesmaller

sea states
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Figure5: Monthly mean of SWAN significant wave height from 198010 at PacWave South
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As shown irFigure6, the mean energy period iinimumin the summer months with
valuesaround 9s compared to the maximum seen in winter months ranging frorl2%. In the
summer, waves are forcgarimarily by local windsinducing high frequency wavésdicated by
the lower wave periodsEnergy period peaks in Februat11.3 s and is lowest in July 8t5s.
Wave period is generally normally distributed, which is reflecteigure6.
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Figure6: Monthly mean of SWAN wave energy ped from 19862010 at PacWave South
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The omnidirectional wave energy transpors shown inFigure7. Thegreatestaverage
wave energy occurs in the winter monttisom 70-80 kW/m and stays in this range from
November through Februaryhis is expected, as winter months have more energetis sie@
to storms[9]. With storms come extreme sea state events, which cause the large deviations from
the mean during these month&§ummer maths see less variation from the mean due to less
energetic sea stat This is another instance in which the data is positively skewed: the 90
percentile values are significantly larger in the winter months and stray from the mean value line,
whereas smmmer months have percentile values that are more normally distributed about the
mean.
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Figure7: Monthly mean of SWAN omndirectional wave energy transport from 1982010 at PacWave South
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Figure8 shows themaximumdirectionally resolvedvave energy transportAs expected,
the directionally resolved wave energy transport peaks in the winter moait?s kwW/m and has
a minimum in the summerat under 20 kW/m. As with the omnidirectional wave energy
transport, the drectionally resolved wave energy transport also shows positive skewness in the
winter and more normally idtributed values in the summer.

4
=% 10
16
—#—— Mean
14 —+— Mean+Std
P — — —Mean-Std

o, 12‘ ke T i 10th Pecentile
£ : 50th Pecentile
= —&— 90th Pecentile
= 10
[]
a
2 gl
S 8
"— e o
o
i
o 4
>
©
= 2r

or \\fﬂ—::;—'——::;s\w,—"——

-2 1 1 1 1 I} 1 1 1 I} 1 J

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Figure8: Monthly mean of maximum directionally resolved SWAN wave energy transport from 12800 at PacWave South

@ PGCWG Ue EMMEEQCC: Pacific Northwest

NATIONAL LABORATORY

Oregon State
University



PacWave Wave Resource Assessm Summer2020

Figure9 describegshe meandirection of the maximum directionally resolvedve energy
transport The direction values were adjusted such that the datum &alNorth, and all values
were measured clockwise (i.e. Nautical direction conventidém)yoing soall output values per
90 section of the circle were adjusted to the correct range as if they were originally measured
from the O North datum For examplel80 + (90 - — places measements as though they were
taken from O North. This method ensured thaninimalwave values were recorded as if they
originated from the coast and propagated offshore.

Theslight variation irmeandirectionover timeindicates that the wave field has a narrow
directionalchange.Thedirectional data is normally distributed about the mean, with average
values ranging between7® and 300 degrees as expected, which can be confirmed by the wave
rose inFigure3.
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Figure9: Monthly mean of direction of SWAN directional wave energy transport from 198010 at PacWave South
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Figure 10 showsthat the average directionality coefficient at PacWave South varies
according to season, similar to the majority of previously evaluated wave characte Rtz

that this plotdescribeghe ratio ofband0

to a narrow spread of wave directieim that band 0

of lindicates that the majority of omrdirectional wave energy transport is resolved to a narow
band ofdirections. Since thenaximum \alues of thedirectionality coefficientare seen in winter
months it can be inferred that these months seenvergence to a narrower field of directions,
mainly due to storm dominated sea statds the summer, the wave field is comprisedbaith
wind waes that propagate in a greater variety of directiorad ocean swellsChis is indicated
by lower valuesof directionality coefficienfrom May through SeptembeOverall, themean
directionality varies byless than QL throughout the year, indicating arelatively constant

directional bandwidth.
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Figurel10: Monthly meanof SWAN directionality coefficient from 1982010 at PacWave South

When completing an IEC specification for wave energy resource, it is impddant
distinguishthe definitions ofcertain attributes ofawave spectrumWave spreading and spectral
width are similar in that they describe spreadjbgt these attributes can often become confused
with one another Wave spreading itself describes tiieectionalspread ofvariance densityn a
waveenergyspectrum, while spectral width describt#®e frequency spread ofariance density
An example ofwave energyspreading is shown iffigure11l> ¢ K S NB
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energy idispersed across a range of directianahich is wider than often found in nature and
is purely illustrative The directional spread of a wave enegpectrum can also be observed in
wave rose figures similar to that éfigure3, which details themain directions from which
directionally resolved wave energy arrives at PacWave SButhctional bandwidth is described
by directionality coefficient, as explained prewsby.

Directional wave energy distribution

Energy (E(()

0 45 90 135 180 225 270 315 360
Direclion ¢ (degrees)

Figurell: Spread of direction of wave energy for an arbitrary spectrum.

Sectral width is its own parameter recommended for analysis by the IEC, aratids
between 0 and 1 based on the sea state most dominant insgmectrum of interest. A swell
dominated spectrum has a spectral width value that approaches 0, in that its shape has a small
width at its peak[8]. Windwave dominated spectra tend to have a broader range of wave
conditions, with comparatively large widths at their ped8% Figurel2 aims to lend a visual
describing spectral wth and how the parameter may vary.
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Figurel2: Comparison between two arbitrary wave energy spectra. The orange line is representative of a-damihated
spectrum, with a spectral width approaching 0. The blue lirgpresents a windwave dominated spectrum where its spectral
width goes to 1.
The average spectral width over the hindcast at PacWave South is shéuguiel3.
Low spectral widtlvaluesin the winter months are due to a swell dominated energy spectrum
where the parameter is expected to go to®pectral width increaseend goes towara value of
1 as the wave field variatiomcreasedn the summemonths when wave are primarily wind

driven.

@ PGCWG Ue !:MMEEg cC: Paclf'ig n[\l_(ﬂ)ﬂ{!:ﬂl;l’yyest OregState

University



PacWave Wave Resource Assessm Summer2020

0.55r1
—#— Mean — o
—+— Mean+Std e x
< N\
05 F |— — —Mean-Std ,/’ \
————— 10th Pecentile " 48 o
50th Pecentile | "
- h i / :
0.45 —5—90th Pecentile | |
S
° q
= 04°
= ]
g
g
8 0351
N o
A~ i i S
+ e e i
037 /// ) » e \_\\\
7 Py s N
7 - X Ve
DT ~ A
025F _ e P
i iy
0.2 A A A . . L L A : ) )
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figurel3: Monthly mean of SWAN spectral width from 198010 at PacWave South

4.4 Monthly cumulative distributions

Monthly cumulative distributions are shown for tisbaracterization parameteits detail
the monthlywave resource. A cumulatiyeobability distributionfunction (CDFQw must equal
0 when the line describing the CDF is at negative infimtyicating a 0% chance occurrenaad
must approach 1 as the line approached positive infjnitgdicating al00% chance occurrence.

The steepness of the line indicates the deviatiohshe data, where a steep curve is indicative
of a low deviation.
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Figure16: Monthly cumulative distributions ofSWANomni-directional wave energy transport from 1982010 at Pac\ve
South The xaxis is plotted on a logarithmic scale in order to better exhibit the cumulative distribution.
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Figurel7: Monthly cumulative distributions ofSWANmaximumdirectionally resolved wave energy transpoftom 1980
2010 at PacWave SoutiThe xaxis is plotted on a logarithmic scale in order to better exhibit the cumulative distribution.
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Figurel8: Monthly cumulative distributions of SWAN direction of directionally resolved wave energy transport from 1980
2010 at PacWave South
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Figure19: Monthly cumulative distributions of SWAN directionality coefficient from 198010 atPacWave South
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Figure20: Monthly cumulative distributions of SWAN spectral width from 198010 at PacWave South
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5 TEMPORAL FLUCTUATION OF IEC EARRM

Temporal fluctuations of wave parameters are included to highlight the interannual
variability of the variables as well as to demonstrate the agreement between the modeled and
physically observed data. Allotsin Figure21 showthe SWAN calculated parameters from the
PNNL hindcast at PacWaSeuth in 2010 compared to the physically observed data at NDBC
station46050in 2010(location described in Section.@)hiscomparison islsoincluded
according to the recommendations set by the IEC specification for wave energy resource
assessmentd=a adetailed validation of the SWAN hindcast, please see Wu et al.,[8D20

In general, the physically observed data at NDBC 46050 agrees with the modeled data
form the PNNL hindcast. There arstances in the direction of maximum directionally resolved
wave energy transport plot where NDBC 46050 drops°teltlle the directions in the hindcast
vary between 250 and 300. Additionally, directionality coefficient for the model varies between
1 and 0.6 while physically observed directionality coefficient varies between 0.8 aride3dite
this, all IEC parameters showed good error statistics in model valid&fpmdicating that the
model has good skill in estimating the IEC parameters.
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Figure21: Temporal fluctuation of IEC wave energy parameters for the year 2010. The PNNL hindcast values are
representative of the valuesat PacWave South while the NDBC 46050 values were recorded at its associated location.
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6 WINDE-FECT AT PACWAVE

The IEC specificatiarotesthat reviewingwind speed and wind direction in the area of
interest for wave energy conversios a valuable addition to a wavesource assessmernthe
following section offers a general description of the wind field in the PacWave region.

While reporting the seven IE@quired spectral wave quantities for a waemergy
resource assessment is demptive, urcertainty is introduced in wave power predictions when
environmental conditions are not adequately taken into acco{f]. This effect is under
investigation, with researchers attempting to provide additional metrics with which to accurately
describe wave energy resource. Robertson et al. has ideshtfimd speed as an additional
essential parameter that should be includieat a more accurate estimation of wave powéo].
Wave theory describes how waves are aféetby wind: wave height grows proportionally to
wind speed ad duration, thus affecting the amount of energy available in a sea state (i.e. wind
generates waves).

Wind datafrom National Oceanic and Atmospheric Administration (NOAA) National Buoy
Data Center (NDBC) stations was analyzed. \Mfieeétd data at NDBC s$itans is measured by
averaging windspeed over arn@inute period atthe height of theoffshore buoyanemometers,
whichis 4.5 m above sea levelhich is a relevant elevation for most WEC systdfigure22
showssome of the available regional NDBC buoy data in Ore§ounthern Washington, and
Northern California. The bexl area represents the specific PacWave region and associated NDBC
stations,further described irFigure23.

Figure22: Regional NDBC station locations. Red diamonds indicdé¢ions with no recent daa collected,while yellow
indicates ongoing data collectiorat the location The black box denotes the specific location of the PacWaraee energy
test site and associated NDBsEations.
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